RNA Polymerase (Pol) I produces ribosomal (r)RNA, an essential component of the cellular protein synthetic machinery that drives cell growth, underlying many fundamental cellular processes. Extensive research into the mechanisms governing transcription by Pol I has revealed an intricate set of control mechanisms impinging upon rRNA production. Pol I-specific transcription factors guide Pol I to the rDNA promoter and contribute to multiple rounds of transcription initiation, promoter escape, elongation and termination. In addition, many accessory factors are now known to assist at each stage of this transcription cycle, some of which allow the integration of transcriptional activity with metabolic demands. The organisation and accessibility of rDNA chromatin also impinge upon Pol I output, and complex mechanisms ensure the appropriate maintenance of the epigenetic state of the nucleolar genome and its effective transcription by Pol I. The following review presents our current understanding of the components of the Pol I transcription machinery, their functions and regulation by associated factors, and the mechanisms operating to ensure the proper transcription of rDNA chromatin. The importance of such stringent control is demonstrated by the fact that deregulated Pol I transcription is a feature of cancer and other disorders characterised by abnormal translational capacity.
Introduction
In eukaryotic cells, the task of transcribing nuclear genes is shared by Pols I, II and III. Each of these polymerases is dedicated to the transcription of a different set of genes, known as class I, II or III genes, accordingly. Pol II produces messenger (m)RNAs, which code for cellular proteins, and many small nuclear (sn)RNAs, which are involved in mRNA processing. Pol III synthesises the transfer (t)RNAs, the 5S rRNA and a variety of other small, untranslated RNAs with essential roles in metabolism (White 2008) . Unlike Pols II and III, which transcribe a variety of different genes, Pol I is dedicated to the synthesis of rRNA, and this accounts for up to 60% of transcriptional activity in a eukaryotic cell (Moss and Stefanovsky 2002) . In mammals, the 47S pre-rRNA produced by Pol I is processed into mature 18S, 5.8S and 28S rRNAs, which are essential structural and catalytic components of ribosomes (Moore and Steitz 2002) . Ribosomes constitute the core of the protein synthetic machinery; consequently, ribosome content is a critical determinant of protein accumulation and hence cell growth and division (Camacho et al. 1990; Siehl et al. 1985; Zetterberg and Killander 1965) . The abundance of ribosomes within a cell depends upon the availability of rRNA (Liebhaber et al. 1978) . Therefore, given the high metabolic burden of rRNA production and its direct influence on protein synthetic capacity, a tightly regulated region and a comparatively short IGS (Albert et al. 2011; French et al. 2003) . Although described as rDNA 'repeats', recent evidence indicates that the multiple rRNA genes are not simply identical copies of the same transcription unit but that, in fact, several rDNA variants exist and these can be differentially expressed and regulated Tseng et al. 2008 ).
Eukaryotic rRNA gene promoters contain two regulatory elements important for directing accurate and efficient transcription initiation: the core promoter and the upstream control element (UCE; functionally analogous to the yeast upstream promoter element (UPE)) ( Fig.  10.1 ). The core promoter is sufficient for basal transcription by Pol I in most species (Paule and White 2000) . The UCE lies further upstream (−156 to −107 relative to the transcription start site of human rRNA genes) and is important for stimulating transcription from the core promoter (Paule and White 2000; Russell and Zomerdijk 2005) . Although the general layout of the rDNA promoter is conserved from yeast to humans, with the spacing and orientation of the core promoter and UPE/UCE being critical, there is little sequence similarity between elements and, as a result, Pol I transcription is highly species specific (for reviews see Grummt 2003; Heix and Grummt 1995) . In addition to the main rRNA gene promoter, which directs pre-rRNA synthesis, related sequence elements known as spacer promoters have been identified within the IGS from several species (De Winter and Moss 1986; Grimaldi and Di Nocera 1988; Kuhn and Grummt 1987; Labhart and Reeder 1984) (Fig. 10 .1). Studies using mouse cells suggest that transcripts produced by Pol I from these promoters (known as promoter RNA (pRNA)) are involved in transcriptional silencing of the rRNA genes (Mayer et al. 2006 ).
In plants, IGS transcripts of as yet undefined origin serve as precursors for the RNAdependent RNA Polymerase 2 (RDR2). RDR2 works together with, among other enzymes, the plant-specific Pols IV and V in the production of siRNAs which also mediate class I gene silencing through epigenetic mechanisms (Lawrence et al. 2004; Pontes et al. 2006; Preuss et al. 2008 ).
Transcription by Pol I
Using the rDNA repeats as a template, Pol I catalyses the synthesis of rRNA. However, in order to do this accurately and efficiently, Pol I requires a number of accessory factors, which facilitate polymerase recruitment, initiation, promoter escape, elongation, termination and re-initiation, as discussed below.
Pre-initiation Complex (PIC) Assembly
RNA polymerases themselves have little affinity for promoter sequence elements and so rely upon specific transcription factors for accurate recruitment. Therefore, as with Pol II-and Pol III-driven transcription, the first stage of transcription by Pol I is the formation of a PIC at the gene promoter. A common feature of the basal transcription machinery used by Pols I, II and III is the requirement for a TBP-containing transcription factor complex. However, in each case, the combination of TBP-associated factors (TAFs) is polymerase-specific. Transcription by Pol I in mammalian cells is dependent upon selectivity factor 1 (SL1, termed TIF1B in mouse), which is a complex of TBP and at least four Pol I-specific TAFs: TAF I 110 (TAF1C), TAF I 63 (TAF1B), TAF I 48 (TAF1A) and TAF I 41 (TAF1D) (Comai et al. 1992 Eberhard et al. 1993; Gorski et al. 2007; Heix et al. 1997; Zomerdijk et al. 1994 ). An additional TAF, TAF12, which was originally described as a factor involved in the transcription of class II genes, has also been implicated as a component of the mammalian SL1 complex (Denissov et al. 2007 ).
SL1 is pivotal to PIC formation. It confers promoter specificity by recognising and binding the core promoter element in the rDNA repeat, it is essential for Pol I recruitment to the transcription start site, and it promotes a stable interaction between UBF and the rDNA promoter (Beckmann et al. 1995; Cavanaugh et al. 2002; Friedrich et al. 2005; Miller et al. 2001; Rudloff et al. 1994) . Recently, SL1 has been shown to also have an essential postpolymerase recruitment role, operating through TAF1B (Naidu et al. 2011 ). TAF1B and the yeast orthologue Rrn7 are structurally and functionally related to TFIIB and the Brf proteins, which are involved in Pol II and Pol III transcription, respectively, thus extending and underscoring the parallels between the eukaryotic transcription machineries (Knutson and Hahn 2011 ; Naidu et al. 2011 ).
Furthermore, a role for SL1 in maintaining the promoters of active rRNA genes in a hypomethylated state has been proposed. This involves the TAF12-mediated recruitment of GADD45a (growth arrest and DNA damage inducible protein 45 alpha) and various components of the nucleotide excision repair (NER) machinery (Schmitz et al. 2009 ). In addition, SL1 is thought to contribute to the structural organisation of actively transcribed rRNA genes through interactions with promoter, upstream enhancer and terminator elements (Denissov et al. 2011) . Transcription by Pol I in yeast also requires TBP and the core promoter binding complex core factor (CF), which is composed of three associated proteins, RRN6, 7 and 11 (Reeder 1999) . RRN6, 7 and 11 are only distantly related to the mammalian SL1 subunits TAF I 110, TAF I 63 and TAF I 48, respectively, with limited sequence homologies (Boukhgalter et al. 2002; unpublished observations) , highlighting the divergent nature of the rDNA promoter elements.
Core promoter selection and binding by SL1 is solely mediated by the TAFs, with TAF I 110, TAF I 63 and TAF I 48 being reported to make direct contacts with the DNA (Beckmann et al. 1995; Rudloff et al. 1994) . SL1 TAFs are also crucial for the recruitment of Pol I. Pol I has 14 polypeptide subunits in yeast, homologues for 13 of which have been identified in mammals (Table 10 .1). A catalytic core is formed by ten of these subunits, which are shared with or homologous to subunits found in Pols II and III (Kuhn et al. 2007; Werner et al. 2009 ). At the periphery, the A14 and A43 Pol I subunits associate as a heterodimer (Kuhn et al. 2007 ). Similar heterodimeric structures are also found in Pols II and III (see Table 10 .1 for homologous subunits) (Werner et al. 2009 ). The remaining two Pol I-specific subunits (S. cerevisiae A49 and A34.5; mammalian PAF53 and CAST/PAF49) form a heterodimeric subcomplex that can dissociate from Pol I (Hanada et al. 1996; Huet et al. 1975; Kuhn et al. 2007; Yamamoto et al. 2004) . Studies in yeast indicate that this subcomplex is structurally and functionally related to the TFIIE and TFIIF initiation factors used by Pol II (as indicated in Table 10 .1), and can bind DNA and promote RNA cleavage (Geiger et al. 2010; Kuhn et al. 2007 ). These specific Pol I subunits function at multiple stages in the Pol I transcription cycle, playing important roles in polymerase recruitment, promoter escape and elongation (Albert et al. 2011; Beckouet et al. 2008; Kuhn et al. 2007; Panov et al. 2006a, b) .
The multisubunit Pol I complex exists as at least two distinct subpopulations (Milkereit and Tschochner 1998; Miller et al. 2001) , known as Pol Iα and Pol Iβ in mammalian cells (Miller et al. 2001) . Both forms of Pol I are active and can catalyse the synthesis of RNA, but only Pol Iβ, which represents less than 10% of the total Pol I in a cell, can be incorporated into PICs and initiate accurate, promoter-specific transcription (Milkereit and Tschochner 1998; Miller et al. 2001 ). This is due, at least in part, to the association of Pol Iβ with RRN3 (Milkereit and Tschochner 1998; Miller et al. 2001 ) (murine TIF1A (Bodem et al. 2000) ). RRN3 interacts directly with Pol I, through its A43 subunit (Cavanaugh et al. 2002; Peyroche et al. 2000) . In addition, the Pol I-specific A49/A34.5 subcomplex is important for the association of RRN3 with Pol I, although it is unclear whether this is mediated by direct interactions between RRN3 and these subunits (Beckouet et al. 2008 ).
RRN3 also binds the CF subunit RRN6 in yeast, and SL1 subunits TAF I 110, TAF I 63 and TAF I 41 in mammals (Cavanaugh et al. 2002; Gorski et al. 2007; Miller et al. 2001; Peyroche et al. 2000) . Therefore, RRN3 plays an essential, evolutionarily-conserved role in mediating specific transcription initiation at class I genes by connecting Pol I with an essential promoter-binding factor, and thus facilitating polymerase recruitment to the PIC at the rDNA promoter.
In addition to RRN3, various other proteins have been found specifically associated with Pol Iβ. For example, the serine/threonine kinase CK2 is present in Pol Iβ but not Pol Iα complexes and is found at the rDNA promoter in cells (Lin et al. 2006; Panova et al. 2006) . Various roles have been proposed for this kinase in the regulation of transcription by Pol I (Bierhoff et al. 2008; Lin et al. 2006; Panova et al. 2006; Voit et al. 1992) . Reports suggest that CK2 targets TAF I 110 and UBF and in this way regulates PIC assembly and stability, although the precise mechanistic details of this remain unclear (Lin et al. 2006; Panova et al. 2006) . CK2 also phosphorylates the essential initiation factor TIF1A (the mouse counterpart of RRN3) (Bierhoff et al. 2008 ). However, rather than influencing PIC assembly, this modification seems important for the release of Pol I from promoter-bound initiation factors and thus elongation (Bierhoff et al. 2008) . Another protein found specifically associated with the initiation-competent Pol Iβ complex is topoisomerase IIα (Panova et al. 2006) . Interestingly, this topoisomerase IIα was found to be targeted by Pol Iβ-associated CK2. However, the significance of these observations to the regulation of transcription by Pol I have yet to be elucidated.
SL1 and Pol Iβ alone are sufficient to support basal levels of Pol I transcription in vitro.
However, to achieve activated transcription, UBF must also be incorporated into the Pol I PIC. As discussed above, UBF binds throughout the rDNA in cells (O'Sullivan et al. 2002) , playing critical roles as a nucleolar scaffold protein and in promoting decondensation of rDNA chromatin Mais et al. 2005; . Crucially, UBF can also activate promoter-specific transcription by Pol I. UBF interacts cooperatively with SL1 at the rDNA promoter, with SL1 binding the highly acidic C-terminus of UBF through its TAF I 48 and TBP subunits (Beckmann et al. 1995; Bell et al. 1988; Hempel et al. 1996; Jantzen et al. 1992; Kihm et al. 1998; Tuan et al. 1999 ). This stabilises the association of UBF with the PIC (Friedrich et al. 2005) , hence facilitating promoter-specific transcriptional activation. In addition to SL1, UBF also interacts with the PAF53 and PAF49/CAST subunits of Pol I (Hanada et al. 1996; Panov et al. 2006a, b; Seither et al. 1997; Whitehead et al. 1997) . The HMG-box protein Hmo1 is involved in rDNA transcription in yeast and is, perhaps, the functional analogue of mammalian UBF (Gadal et al. 2002) . Like UBF, Hmo1 binds throughout the rDNA repeat and acts synergistically with the Pol I-subunit A49 to activate transcription (Gadal et al. 2002; Hall et al. 2006; Kasahara et al. 2007 ). Interestingly, Albert et al. (2011) recently demonstrated the importance of the yeast A34.5-A49 subcomplex to nucleolar architecture. Given the fundamental role played by UBF as a nucleolar scaffold, it will be interesting to ascertain whether this property of these Pol I subunits is influenced by their interaction with Hmo1/UBF. In summary, a series of cooperative protein-protein and protein-DNA interactions involving SL1, UBF (or their functional equivalents) and specific promoter elements are required for the recruitment of polymerase poised for the activated transcription of rRNA genes, as depicted in Fig. 10 .2. Live cell imaging coupled with computational kinetic modelling has demonstrated a direct correlation between the efficiency of PIC assembly and transcriptional output in cells (Gorski et al. 2008 ).
Initiation and Promoter Escape
Following the assembly of a productive PIC at the rDNA promoter, promoter opening and transcription initiation by Pol I can commence, defined by the incorporation of the first ribonucleotides of the RNA chain. However, for productive RNA synthesis to ensue, Pol I must dissociate from the promoter-bound initiation factors in a process known as promoter escape (Panov et al. 2006a, b; Russell and Zomerdijk 2005) . This post-PIC assembly event is rate-limiting for rRNA synthesis in vitro ).
Promoter escape following transcription initiation coincides with the release of RRN3 from polymerase (Aprikian et al. 2001; Hirschler-Laszkiewicz et al. 2003; Milkereit and Tschochner 1998) . In mouse cells, covalent attachment of RRN3 to the A43 Pol I subunit, with which RRN3 interacts, impairs rDNA transcription and cell cycle progression (Bierhoff et al. 2008) . However, a similar approach pioneered in yeast strains lacking RRN3 and A43, but instead expressing a non-dissociable Pol I-RRN3 complex, did not detect any defects in rRNA synthesis or growth (Laferte et al. 2006) . These studies suggest potential speciesspecific differences in the relative importance of RRN3 dissociation to the transcription cycle. The interaction between RRN3 and Pol I is controlled at least in part by phosphorylation. However, regulatory phosphorylation events also appear to vary from yeast to mammals: in yeast, Pol I phosphorylation apparently regulates this interaction, whereas in mammals, RRN3 phosphorylation seems important (Bierhoff et al. 2008; Cavanaugh et al. 2002; Fath et al. 2001) . Bierhoff et al. (2008) looked specifically at the phosphorylation events regulating the dissociation of Pol I from RRN3 during promoter escape, and demonstrated that phosphorylation of two specific serine residues in mouse RRN3 (TIF1A) by CK2 promotes its release from polymerase.
The mammalian activator of Pol I transcription, UBF, also plays an important role in stimulating promoter escape (Panov et al. 2006a) . UBF interacts with the Pol I-specific heterodimer PAF49/CAST-PAF53 (Hanada et al. 1996; Panov et al. 2006b ), and this is important for transcriptional activation by UBF, which occurs subsequent to PIC assembly (Panov et al. 2006b ). However, the mechanisms underlying this are unclear, although changes in DNA and/or polymerase conformation have been proposed (Panov et al. 2006b ). In yeast, the homologues of these Pol I subunits (A34.5-A49) interact structurally and functionally with the probable yeast counterpart of UBF, Hmo1, and play an important role in promoter escape by promoting the release of RRN3 from elongating polymerase (Beckouet et al. 2008; Gadal et al. 2002; Schnapp et al. 1994) . Conceivably, a network of interactions involving these factors could induce conformational changes in the PIC, triggering any post-translational modifications and the release of RRN3, converting initiation-competent Pol I into an elongating form.
Elongation
A mammalian cell requires approximately 8-10 million rRNA transcripts every 24 h to sustain adequate levels of ribosome biogenesis (Lewis and Tollervey 2000) . Accordingly, transcription elongation by Pol I is highly efficient with, on average, 100 polymerases transcribing each active gene at a rate of approximately 95 nucleotides per second . Similar elongation rates have also been observed for yeast Pol I (French et al. 2003) . This impressive transcriptional output is achieved through the intrinsic processivity of Pol I and its cooperation with a multitude of other proteins.
Factors TFIIF and TFIIS are involved in elongation by Pol II (Saunders et al. 2006) . Recent work using yeast has demonstrated that the A34.5-A49 subcomplex of Pol I is structurally and functionally analogous to TFIIF and is important for Pol I processivity (Geiger et al. 2010; Kuhn et al. 2007 ). Furthermore, the A12.2 subunit of Pol I stimulates the intrinsic RNA cleavage activity of Pol I and shares functional and structural homology with TFIIS, which enhances the weak 3′-RNA cleavage activity of Pol II (Haag and Pikaard 2007; Kuhn et al. 2007 ). This cleavage activity might be required for RNA proofreading and to stimulate elongation by creating a new and correctly aligned 3′OH in the polymerase active site after stalling and backtracking of polymerase. A role for the A34.5-A49 subcomplex in permitting contact between adjacent Pol I molecules on the same rDNA template, which might contribute to efficient transcription elongation, has also been proposed (Albert et al. 2011 ).
Pol I-specific transcription factors are also thought to play a role in elongation. UBF is distributed throughout the rDNA repeats and has been reported to regulate Pol I elongation by phosphorylation-dependent remodelling of the rDNA chromatin (O'Sullivan et al. 2002; Stefanovsky et al. 2006 ). More recently, SL1 has been proposed to assist elongating Pol I via its role in anchoring the core promoter, upstream region and terminator, which provides a spatial arrangement favourable for productive rRNA synthesis (Denissov et al. 2011 ).
Furthermore, several additional factors are crucial for transcription elongation by Pol I in cells, allowing the polymerase to negotiate rDNA in the context of chromatin. For example, the histone chaperones nucleolin, nucleophosmin and FACT assist in rDNA transcription in mammalian cells (Birch et al. 2009; Murano et al. 2008; Rickards et al. 2007 ) and in yeast, Spt4/5 and Paf1C are important (Schneider et al. 2006 (Schneider et al. , 2007 Zhang et al. 2009 Zhang et al. , 2010 . Moreover, various chromatin remodelling and modifying activities have been shown to promote transcription by Pol I in vivo including Chd1p, Isw1p and Isw2p in yeast (Jones et al. 2007 ) and tip60, Williams syndrome transcription Factor (WSTF)-SNF2h and the histone methyltransferase G9a in mammalian cells (Halkidou et al. 2004; Percipalle et al. 2006; Yuan et al. 2007 ). Nuclear actin and myosin I drive transcription elongation by Pol I and this might, in part, be attributed to their interaction with the chromatin remodeler WSTF at the rDNA (Percipalle et al. 2006; Ye et al. 2008 ).
Given the high loading density of Pol I on rRNA genes, it is important that any other physical impediments encountered by a transcribing polymerase, caused by topological changes in the rDNA or DNA damage, for example, are efficiently resolved. Consequently, mechanisms ensure that such constraints are minimised. For instance, topoisomerases promote transcriptional elongation in yeast by relieving the positive and negative supercoiling that occurs ahead of and behind transcribing Pol I, respectively (Brill et al. 1987; El Hage et al. 2010; French et al. 2011; Schultz et al. 1992) . Topoisomerase IIα is a component of Pol Iβ in human cells, as discussed above (Panova et al. 2006) . Furthermore, topoisomerase I was found associated with Pol I complexes in mouse cells (Hannan et al. 1999; Rose et al. 1988) , and has been proposed to assist transcriptional elongation by Pol I in human cells (Zhang et al. 1988) . Therefore, this function of topoisomerases in relieving torsional strain during transcriptional elongation by Pol I may be evolutionarily conserved.
Signalling pathways invoked by DNA damage lead to a transient repression of rRNA synthesis, partly through the ATM-mediated displacement of elongating polymerase (Kruhlak et al. 2007 ). Resumption of Pol I transcription is dependent upon functional DNA repair mechanisms (Kruhlak et al. 2007 ). Transcription-coupled DNA repair occurs at rDNA genes (Conconi et al. 2002) and various DNA repair proteins have been found in Pol I complexes, including TFIIH, Cockayne syndrome B protein (CSB), Werner's syndrome helicase (WRN), Ku70/80 and several components of the NER machinery (Bradsher et al. 2002; Hannan et al. 1999; Iben et al. 2002; Schmitz et al. 2009; Shiratori et al. 2002) . In many cases, these interactions have been shown to promote transcription by Pol I. However, a direct role for these factors in the transcription-coupled repair of rDNA has yet to be demonstrated.
As elongation by Pol I proceeds, the nascent pre-rRNA associates with components of the processing machinery, allowing co-transcriptional maturation of the rRNA and assembly of ribosomal particles (reviewed by Granneman and Baserga 2005) . As a result, pre-rRNA synthesis and processing are closely coordinated, such that defective transcription by Pol I impairs pre-rRNA processing and vice versa (Granneman and Baserga 2005; Schneider et al. 2006 Schneider et al. , 2007 . Although the mechanisms responsible for this coupling are incompletely defined, factors implicated in yeast include Spt4 and Spt5, which interact both with elongating Pol I and components of the pre-rRNA processing machinery (Leporé and Lafontaine 2011; Schneider et al. 2006 Schneider et al. , 2007 . Such rigorous coordination likely contributes to the highly efficient and tightly regulated production of ribosomes.
Termination
Transcription termination by Pol I is a multistep process involving specific DNA sequence elements and regulatory proteins. In mammals, transcription termination factor TTF-I binds terminator elements downstream of the rRNA gene (T 1 -T 10 ; Fig. 10.1) , causing polymerase pausing. Dissociation of the paused transcription complex is then mediated by Pol I and transcript release factor PTRF. A similar mechanism is thought to operate in yeast, involving the TTF-I homologue Reb1p (Jansa and Grummt 1999) . However, recent studies using yeast have uncovered further complexity in the control of transcription termination by Pol I, by demonstrating the existence of a 'torpedo' mechanism, similar to that employed for the termination of transcription by Pol II. This process begins with cleavage of the nascent prerRNA by the endonuclease Rnt1, followed by the progressive digestion of the resulting Pol I-associated RNA cleavage product mediated by the cooperative actions of the 5′ to 3′ exonuclease Rat1 (mammalian Xrn2) and the RNA helicase Sen1 (Braglia et al. 2010 (Braglia et al. , 2011 El Hage et al. 2008; Kawauchi et al. 2008) . Recognition of the Rnt1-cleaved pre-rRNA by Rat1 is thought to be controlled by phosphorylation of the 5′end of the RNA by the polynucleotide kinase Grc3 (Braglia et al. 2010) . Once Rat1 reaches elongating Pol I, the transcription complex becomes unstable and dissociates from DNA, thus resulting in transcription termination. In addition, the smallest Pol I subunit A12.2/RPA12 is critical for effective transcription termination, potentially mediated by its stimulation of the intrinsic 3′-end RNA cleavage activity of Pol I (Haag and Pikaard 2007; Kuhn et al. 2007; Prescott et al. 2004) . The Pol II and III homologues of RPA12, RPB9 and RPC11, are also important for relief of polymerase pausing and termination. Furthermore, each of these polymerase subunits shares homology with the RNA cleavage enhancing factor TFIIS (Prescott et al. 2004) . It is possible that several mechanisms co-exist to ensure accurate, efficient termination of transcription by Pol I and thus cell viability (Braglia et al. 2011 ).
Re-initiation
Correct termination of transcription and release of the nascent rRNA is required for reinitiation by Pol I. Once a gene is activated, the rate of re-initiation will contribute to the overall level of transcripts produced. In addition to terminator elements located downstream of the rRNA coding region, TTF-I binding sites are also found immediately upstream of the rDNA promoter (termed T 0 ) and downstream of the spacer promoter (T sp ) (Fig. 10.1 ) (Nemeth et al. 2008) . Interactions between TTF-1 and its binding sites are thought to be important for epigenetic and topological regulation of the rDNA (for reviews see McStay and Grummt 2008; Nemeth and Langst 2011) . In cells, efficient recycling and re-initiation by Pol I might be facilitated by TTF-1-mediated juxtaposition of the terminator and promoter elements, which results in the formation of DNA loops (Nemeth et al. 2008; Nemeth and Langst 2011; Shiue et al. 2009 ). In addition to TTF-I, SL1 and c-Myc have been implicated in the formation of such DNA loops (Denissov et al. 2011; Nemeth and Langst 2011; Shiue et al. 2009 ).
Another important event in transcription re-initiation by Pol I is the re-association of the essential initiation factor RRN3 with polymerase, allowing Pol I to re-assemble with SL1 and UBF, which remain promoter bound following escape of elongating polymerase (Lin et al. 2006; Panov et al. 2001) . This reversible interaction between Pol I and RRN3 underpins critical transitions in the Pol I transcription cycle, and is evolutionarily conserved. However, the mechanisms underlying this are not fully elucidated. Such a dynamic partnership is likely controlled through reversible post-translational modifications (Bierhoff et al. 2008; Cavanaugh et al. 2002; Fath et al. 2001) . In support of this, Bierhoff et al. (2008) demonstrated that dephosphorylation of the CK2 target sites (serines 170 and 172) in TIF-1A (mouse RRN3) by the protein phosphatase FCP1 is required for the re-association of TIF-1A with Pol I, and hence re-initiation. In contrast, these particular residues are not conserved in yeast RRN3 and phosphorylation of Pol I itself is thought to regulate Pol I-RRN3 complex formation (Bierhoff et al. 2008; Fath et al. 2001) . FCP1 has been implicated in the regulation of Pol I transcription in yeast, but rather than functioning in re-initiation, this phosphatase appears to promote chain elongation (Fath et al. 2004) . Whether additional kinases and/or phosphatases targeting RRN3 and/or Pol I are involved in a conserved mechanism for promoting multiple rounds of transcription remains to be determined.
Regulation of rDNA Transcription
Stringent regulatory mechanisms operate to ensure a precise balance between the requirement for and availability of rRNA, allowing cells to control their capacity for protein synthesis in response to changing metabolic needs. For example, transcription by Pol I is low when nutrients or mitogens are limiting, but upregulated when the availability of these growth stimuli increase. In addition, Pol I transcription is regulated in response to a range of cellular stresses and during many fundamental cellular processes, including cellular differentiation and throughout the cell cycle (for reviews see Drygin et al. 2010; Grummt 2003; Grummt and Voit 2010; Moss 2004; Russell and Zomerdijk 2005) . The level of cellular rRNA is determined by the rate at which active rRNA genes are transcribed, and also by the number of active genes. Some of the mechanisms influencing these different aspects of class I gene expression are discussed below.
Regulation of the Pol I Transcription Machinery
In yeast, growth-dependent changes in rRNA synthesis can be achieved both through altering the proportion of active genes, and the rate of transcription from already active loci (Grummt and Pikaard 2003; Russell and Zomerdijk 2005) . However, in mammalian cells, changes in rRNA production in response to growth signals seem to be mediated mainly by the latter mechanism. A plethora of cellular control pathways have been shown to mediate such acute changes in rRNA synthesis by directly regulating the activity of the Pol I transcription machinery, with positive regulators of growth activating transcription and negative regulators of growth having repressive effects (Drygin et al. 2010; Grummt 2003; Moss 2004; Russell and Zomerdijk 2005) . Some of these regulatory proteins, and their effects on the Pol I transcription machinery, are listed in Table 10 .2.
Regulation of rDNA Chromatin
In addition to these mechanisms that modulate the activity of the Pol I transcription machinery, epigenetic regulation of the rDNA chromatin, which determines the number of active rRNA genes, can also influence the level of rRNA produced. Such epigenetic regulation is thought to be stably propagated throughout cell divisions to ensure that an appropriate proportion of active and inactive rDNA repeats is maintained. The importance of this to nucleolar integrity, genomic stability and the global regulation of gene expression has been proposed (Espada et al. 2007; Guetg et al. 2010; Ide et al. 2010; McStay and Grummt 2008; Paredes and Maggert 2009 ).
One of the key factors in establishing the epigenetic state of rRNA genes in mammals is TTF-I, which, in addition to its role as a transcription terminator and potential regulator of rDNA topology, can define active or inactive rDNA conformations through its association with chromatin remodelling complexes (reviewed by McStay and Grummt 2008) . Epigenetic silencing by TTF-I is mediated by its recruitment of the nucleolar remodelling complex (NoRC) to the promoter-proximal T 0 element. The NoRC subunit TIP5 interacts with TTF-I, and NoRC in turn recruits DNA methyltransferases DNMT1 and DNMT3, and the histone deacetylase-containing Sin3 complex, which mediate transcriptional repression (Santoro and Grummt 2005; Santoro et al. 2002; Zhou et al. 2002) . Methylation of a single CpG dinucleotide at the mouse rDNA promoter seems particularly important for transcriptional silencing, as this diminishes binding of the activator UBF to the rDNA Grummt 2001, 2005) . NoRC function is dependent on the association of TIP5 with pRNAs. These 150-300 nucleotide transcripts are derived from the IGS by Pol I-driven transcription from the spacer promoters of a subset of hypomethylated rRNA genes (Mayer et al. 2006 (Mayer et al. , 2008 Santoro et al. 2010) . Such transcripts are essential for epigenetic silencing of rDNA. Furthermore, a recent study has shown that pRNA can induce de novo methylation of rDNA and transcriptional silencing independently of TTF-I and NoRC, by interacting directly with the T 0 element forming a DNA-RNA triplex which is recognised by DNMT3b . In fact, binding of TTF-I and pRNA to T 0 are mutually exclusive . The levels of pRNA and its association with T 0 vary during S phase progression, suggesting a potential link between pRNA and the transmission of epigenetic rDNA silencing between cell divisions Schmitz et al. 2010) . Studies of the molecular basis of nucleolar dominance in plant hybrids, whereby NORs from one parental species are dominant over the other, also suggest an involvement of non-coding RNAs derived from the rDNA IGS in determining a repressive pattern of DNA methylation and histone deacetylation (reviewed by Tucker et al. 2010) . Therefore, the involvement of such RNAs in selecting the proportion of transcriptionally silenced rDNA repeats, through epigenetic mechanisms, appears to be evolutionarily conserved.
Mechanisms also exist to maintain a proportion of rDNA repeats in an active chromatin conformation. For instance, binding of TTF-I to the T 0 elements of certain rDNA repeats in mouse cells induces chromatin remodelling and transcriptional activation (Langst et al. 1997) . This is mediated by an interaction between TTF-I and the chromatin remodeler CSB (Yuan et al. 2007) . Transcriptional activation by CSB is dependent on its intrinsic ATPase activity, and also its association with the histone methyltransferase G9a (Yuan et al. 2007 ). Therefore, TTF-I is integral in determining whether rDNA repeats adopt an active or an inactive epigenetic conformation. However, it is unclear how TTF-I interacts differentially with these positive and negative regulators of transcription to achieve a precise balance between these alternative chromatin states.
Other factors proposed to maintain rDNA in a euchromatic state include the methyl-CpG binding domain protein MBD3, TAF12-recruited GADD45a and the putative chromatin remodeler CHD7 (chromodomain helicase DNA-binding protein 7). These proteins prevent repressive methylation of the rDNA and/or promote the active demethylation of this region (Brown and Szyf 2007; Schmitz et al. 2009; Zentner et al. 2010) . In addition to DNA methylation, the methylation state of the rDNA-associated histones also correlates with transcriptional activity: di-and tri-methylation of Lys4 and mono-and di-methylation of Lys36 of histone H3 mark active repeats, whereas di-methylation of Lys9 of histone H3 is associated with silenced rDNA chromatin. The JmjC domain-containing lysine demethylases JHDM1B, KDM2A and PHF8 associate with rDNA and influence this histone methylation pattern (Feng et al. 2010; Frescas et al. 2007; Tanaka et al. 2010) .
UBF is also involved in determining the number of active rDNA repeats ). However, this does not appear to involve epigenetic modifications of the chromatin, but instead occurs through the ability of UBF to displace histone H1, thus preventing H1-induced chromatin condensation . In yeast, the UBF-related protein Hmo1 localises to active rDNA repeats, and a recent study has demonstrated the importance of this to the maintenance of a transcriptionally-competent chromatin state, established following DNA replication through the Pol I transcription-dependent (and potentially histone chaperone-dependent) displacement of nucleosomes (Wittner et al. 2011) .
Although mechanisms directly influencing the activity of the Pol I transcription machinery are important for the modulation of rRNA production in response to growth signals, alterations in the rDNA chromatin are also likely to contribute. For instance, Murayama et al. (2008) have described a complex known as eNoSC (energy-dependent nucleolar silencing complex), which mediates the epigenetic repression of rRNA genes in response to energy deprivation. Furthermore, the lysine demethylase KDM2A targets mono-and dimethylated Lys36 of histone H3 and in this way represses transcription by Pol I in response to starvation (Tanaka et al. 2010) . In addition to these dynamic alterations in rDNA chromatin in response to changing metabolic conditions, reducing the number of active rDNA repeats has been proposed to contribute to the down-regulation of Pol I transcription that accompanies differentiation . Moreover, the proportion of active rDNA repeats varies depending on the developmental stage and cell type, indicating that lineage-specific regulation of the number of actively transcribed rRNA genes could be important for vertebrate development (Haaf et al. 1991; Schlesinger et al. 2009 ).
Deregulated Transcription by Pol I and Disease
The regulation of Pol I transcription is clearly a crucial feature of normal cellular growth and proliferation. The importance of such stringent control is highlighted by the fact that transcription by Pol I is deregulated in various disease states. Most notably, pre-rRNA levels are elevated in a wide range of tumour types and this is thought to be a general feature of human cancers (reviewed by Ruggero and Pandolfi 2003; White 2008) . Inactivation of tumour suppressors, aberrant activation of oncogenes (many of which target the Pol I transcription machinery directly as outlined in Table 10 .2) and loss of rDNA methylation, are all thought to play a role in this abnormal activation of rDNA expression, contributing to the uncontrolled cell growth and division that is characteristic of tumour cells. In addition, elevated transcription by Pol I underlies the hypertrophic growth of cardiomyocytes, which is a characteristic feature of various cardiovascular disorders (Brandenburger et al. 2001) . In contrast, decreased rRNA production, as a result of rDNA promoter hypermethylation in the cerebral cortex, has been described as a feature of the neurodegeneration that accompanies Alzheimer's disease (Pietrzak et al. 2011) . Furthermore, the demethylase PHF8 might link dynamic histone methylation at rDNA to mental retardation with cleft lip and palate (Feng et al. 2010 ).
The consequences of deregulated Pol I transcription during development are highlighted by recent findings regarding the genetic basis of Treacher Collins Syndrome, which can be caused by mutations in Pol I/III subunits or the UBF-interacting protein Treacle (Dauwerse et al. 2011; Valdez et al. 2004 ). This craniofacial autosomal-dominant disorder is characterised by a deficiency in neural crest cells, resulting from inadequate ribosome production during development. Abnormalities in ribosome biogenesis give rise to a variety of other congenital disorders, emphasizing the importance of understanding the mechanisms impinging upon ribosome production (Narla and Ebert 2010).
Conclusions
Transcription by Pol I underlies fundamental cellular functions. Our understanding of this process has grown in recent years, revealing unanticipated complexity. An increasing number of functions are being attributed to the Pol I-specific transcription factors, unravelling the means by which they facilitate rRNA synthesis. Furthermore, many additional factors are now known to bind and regulate this machinery. Recent insights into the intricacies of the structural and topological organisation of rDNA further demonstrate the multifaceted cellular control mechanisms which impinge upon rRNA production. Such elaborate regulation highlights the importance for precise control of transcription by Pol I, a point further emphasized by the apparently universal deregulation of rRNA expression in human tumours. Despite the ever-expanding list of factors and epigenetic control mechanisms that influence transcription by Pol I, the full implications of many of these discoveries have yet to be established. Therefore, further research directed towards resolving the many unanswered questions regarding the complex interplay between regulatory mechanisms targeting the rDNA chromatin and the Pol I transcription machinery is essential, not only to enhance our understanding of cellular growth controls, but also to enable the development of prognostic tools and therapeutic strategies for disease. The top panel illustrates key elements and the general organisation of a mammalian rDNA repeat. The IGS includes the spacer and 47S rRNA promoters, enhancer repeats and the TTF-I binding sites T 0 and T sp . Arrows indicate start sites and direction of transcription. The coding region contains 5′ and 3′ external transcribed spacer (ETS) and two internal transcribed spacer (ITS) regions, along with regions encoding 18S, 5.8S and 28S rRNAs. Terminator elements (T 1-10 ) downstream of the 47S rRNA gene are also indicated. The lower panel illustrates the layout of the 47S rRNA promoter, which directs the assembly of the Pol I PIC and consists of an upstream control element, and a core promoter element overlapping the transcription start site. Activated transcription by Pol I requires the assembly of Pol I-specific transcription factors SL1 and UBF at the rRNA promoter. In addition to contacts made between these transcription factors and the rDNA, several protein-protein interactions are also known to facilitate PIC assembly, as indicated by double-headed arrows (described in the text). A multitude of other factors cooperate with this transcription machinery to enhance PIC assembly and promote efficient rRNA synthesis by Pol I in vivo.
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